Synthetic aperture radar (SAR) system based on frequency modulated continuous wave (FM-CW) transmission is a viable option for producing high-resolution ground-based imaging radars. Compared with pulsed SAR systems, the combination of FM-CW technology and SAR processing techniques have the advantages of small cubage, lightweight, cost-effectiveness, and high resolution in the SAR image. These characteristics make FM-CW SAR suitable to be deployed as payload on ground Based SARs (GB-SARs) for environmental and civilian applications. In this paper, the Range Migration Algorithm (RMA) is used in the processing chain of a Ground-Based SAR (GB-SAR) sensor. The mentioned sensor has been developed in Microwave Remote Sensing Laboratory (MReSL) at the School of Surveying and Geospatial Engineering, the University of Tehran for the generation of a complex image from the raw signal. The raw signal is acquired with that sensor working at S-band, frequency modulating from 2.26 GHz to 2.59 GHz.
INTRODUCTION
In recent years, there has been a growing interest in frequency modulated continuous wave (FM-CW) SAR technology for various military and civilian applications. Compared with pulsed SAR, the combination of FM-CW technology and SAR processing techniques have the advantages of small cubage, lightweight, cost-effectiveness, and high resolution in the SAR image. These characteristics make FM-CW SAR suitable to be deployed as payload on Ground-Based SARs (GB-SARs) for environmental and civilian applications.
Researchers
have investigated several FMCW-SAR architectures: (Charvat and Kempel, 2006) Developed an ultralow-cost FMCW GB-SAR imaging system, operating on an automatic rail. (Charvat et al., 2010) developed an ultrawideband (UWB) rail-SAR system with 2 GHz of bandwidth (1.926-4.069 GHz chirp in 10 ms) for through-wall detection purposes. This system was capable of imaging targets in shape of a cylinder with 15 cm in height and 1 cm in diameter behind a 10 cm thick lossy dielectric slab. (Sanz-Marcos et al., 2007) developed a bistatic ground-based SAR system, which receives transmitted radar signal of the airborne or satellite platform. A tomographic ground-based SAR system was developed in (Ji et al., 2014) for 3-D SAR imaging.
Many signal processing algorithms have been developed to generate a focused image of the SAR signal. These algorithms are divided into two major groups: (1) Time-domain algorithms: such as Backprojection (BP) and Time-Domain Correlation (TDC) algorithms and (2) Frequency-domain algorithms: such as, Range Stacking algorithm (RSA), Polar Format Algorithm (PFA), Frequency scaling algorithm (FSA), Range Doppler algorithm (RDA), range migration algorithm (RMA), and Chirp Scaling algorithm (CSA). (Okoń-Fąfara et al., 2016; Yigit et al., 2013) compared the performance of time-domain and frequency-domain algorithms in FMCW SAR systems. (Reigber et al., 2013) Reviewed signal processing and imaging algorithms for very high-resolution SAR systems including time-domain algorithms, frequency-domain algorithms, and error correction methods. (Charvat and Kempel, 2006) Implemented four imaging algorithms in frequency-domain (PFA, simplified PFA, RMA, and RSA) to create a focused image of FMCW rail-SAR system.
In this paper, Range Migration Algorithm (RMA) is used in the processing chain of a GB-SAR sensor, which has been developed in the Microwave Remote Sensing Laboratory (MReSL) at the School of Surveying and Geospatial Engineering, University of Tehran, Tehran, Iran for the generation of a complex image from raw signal. We present the analytical process of the Frequency Modulation Continuous Wave (FMCW) SAR signals at S-band for generating a complex image. This paper is organized into sections as follows. In Section 2, the methodology will be presented. Range Migration Algorithm in the GB-SAR signal processing chain will be addressed in section 3. Experimental results demonstrate and discuss in section 4. And finally, we will conclude this paper in section 5.
METHODOLOGY
In this section, we are going to describe required methods in processing of received radar signals in order to calculate a target's range and create high-resolution radar image by synthetic aperture processing (SAR-imaging).
Frequency-Modulated (FM) Signal
In frequency-modulated technology, radar transmits a signal with varying frequency as a function of time. This kind of signal is also known as chirp signal. Various modulations are possible for signal, but linear modulation is the most common approach.
In linear frequency modulation (LFM), the frequency varies linearly as a function of time ( Figure 1) (Li et al., 2017) . Figure 2 shows the block diagram of a Frequency Modulated Continuous Wave (FMCW) radar system. The transmitted signal in linear frequency modulated radar, for one sweep duration (T), can be expressed as:
The received signal is the delayed version of the transmitted signal:
where td = time delay Dechirping process is needed to measure the range. Dechirping is done by mixing a replica of the transmitted signal with the received signal and lowpass filtering. Therefore, the beat signal (in some literature intermediate signal) is generated (Meta et al., 2007) :
Target's range can be measured from the beat frequency, which is proportional to the time delay (
Equation (4) expresses the direct relation between the beat frequency echo range. Thus, we can calculate range by Fourier transform acquired beat signal.
Range resolution in FM radar is proportional to transmitted signal's bandwidth:
This equation means that we can obtain better resolution by larger modulation bandwidth, which is one of the most important properties of FM signals.
Synthetic Aperture Radar
The main idea of synthetic aperture radar imaging is to increase radar resolution in azimuth direction by coherent integration of received signals in different azimuth position of the radar sensor. Figure 3 shows the imaging geometry of a GB-SAR that operates on a linear rail. In this system, the radar sensor is mounted on a rail and in every azimuth step, acquires data in a range profile (Charvat, 2014) . The corresponding dechirped SAR signal phase, based on Figure 3 . is (Carrara et al., 1995) :
where Rs = Range from scene-center to flight path Rt = Range from target to sensor at every step
SAR IMAGE FORMATION AND RANGE MIGRATION ALGORITHM (RMA)
The dechirped signal is used as an input of image formation algorithms for generating the focused SAR image of the scene of interest. Here we use Range migration algorithm (RMA) (Cafforio et al., 1991) in order to generate SAR image from the raw signal. RMA operates in the frequency domain. Therefore, it is computationally efficient in comparison with time-domain algorithms such as Backprojection (Carrara et al., 1995; Reigber et al., 2013) . Figure 4 shows the block diagram of the RMA steps. RMA consists of four main steps (Carrara et al., 1995) : 2) Matched Filtering: The resulting data is chirped in KX dimension. The matched filter removes the chirp in the azimuth frequency domain. Additionally, implementing a matched filter perfectly corrects the range curvature of scatterers at the same range as scene center (Rs) and partially compensates range curvature of scatterers at other ranges. Matched filter equation is:
. It removes residual range curvature of all scatterers.
4) 2-D inverse Fourier transform:
The last step is performed to return data to the time domain. By computing two-dimensional inverse Fourier transform final focused image appears in range and azimuth dimensions. 
EXPERIMENTAL RESULTS
In this section, we demonstrate our experimental tests and results we had on our developed ground-based SAR system. 
Tests on Radar Ranging
Before SAR imaging experiments, the range processing of radar system is done by moving a target in front of radar antennas. As we mentioned in the previous section, the target's range can be determined by Fourier transform of the received dechirped signal. Figure 5 compares acquired signals at different times based on target moving behavior. Figure 5(a) shows the raw SAR signal. We can see that when the target is close to the radar sensor, received echo is strong and contains lower frequency. As the target farther away, the power of the echo decreases and frequency increases. Part (b) demonstrates raw signals of part (a) after Fourier transform that contains the target's range information.
(a) (b) Figure 5 . Examples of (a) raw signal (b) compressed range signal in radar ranging experiment Figure 6 shows the full range-time image (RTI) of experimented scenario. X-axis expresses range in meter and Y-axis expresses time in second. Static targets are appeared as straight lines and moving target is appeared as inclined lines: in the top left corner of the figure target is getting away of radar and then it approaches to the transmitter during 25 seconds and again this approach is repeated one more time until t equals to 50 seconds. In order to subtract static targets as clutters, we used two pulses canceling approach by subtracting pulse at time ti-1 from pulse at time ti. Based on this approach, resolution bins containing static targets have the same values and they are canceled by subtraction of two pulses. Figure 7 shows clutter rejected range time image. Figure 7 . Range-Time image of moving target in front of the radar sensor after removing static targets as clutter
Synthetic Aperture Radar Imaging Results
Our final test is on SAR imaging capability of the developed sensor. According to table 1 sensor travels 140 steps with 1 cm intervals, and in every step transmits and receives signals. Figure 9 shows SAR imaging result of a scene including one scattering target. As it is evident from Figure 9 (a) backscattered signals from the scene are completely distributed in range and azimuth direction. Therefore, targets cannot be distinguished in raw 2-D signal of SAR imaging. After processing and range and azimuth compression, focused target can be distinguished from the background (Figure 9 (b) ). With another perspective view in 3D, Figure 10 shows the steps of the signal processing chain in 3d for more details. The first and second dimensions are referred to the range and azimuth directions and the third dimension indicates the absolute value of signals. It is important to note that in ground-based SAR scenario, Rs is considered to be zero. Therefore, the matched filtering step automatically is skipped. Focusing capability of the generated SAR image is evaluated with the peak sidelobe ratio (PSLR) of the focused target in the range and azimuth direction of the imaging scene. PSLR is the The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLII-4/W18, 2019 difference between the first sidelobe and the peak value of the signal in decibels. The obtained PSLR of the focused target in the range and azimuth directions are -5.85 and -13.69 dB, respectively.
CONCLUSION
This paper explained processing steps required to generate highresolution synthetic aperture radar image from acquired raw signals of a ground-based FMCW radar system. The frequencydomain Range migration algorithm was used as the SAR image formation algorithm. In the end, we presented two experiments included moving target detection in radar mode and synthetic aperture radar imaging of a scattering target.
